The microstructural evolutions in a Sn-3Ag-0.5Cu system of lead free alloys were predicted by the multiphase field simulation coupled with CALPHAD thermodynamic database. In this simulation, the growth of Cu 6 Sn 5 at 250°C and the precipitations of Cu 3 Sn and Ag 3 Sn at 150°C were calculated. These calculated micrographs were in good agreement with the experimental measurements. It was confirmed that this calculation method can be applied to the simulation of microstructures in the solidification of lead-free solder system including a Cu-substrate.
Introduction
Recently, the use of certain hazardous substances such as lead has been strictly controlled based on RoHS (Restriction of Hazardous Substances) regulations, in order to prevent environmental pollution and harmful effects on the human body. 1) Consequently, in the electronics industry, the development of a lead-free solder alloy to replace the Sn-37Pb alloys solder has been promoted. In Japan the Sn-3.0Ag-0.5Cu system solder alloy (SAC305) is widely used as the standard.
2) On the other hand, the progress of miniaturization and higher density of mobile digital devices has led to smaller and smaller soldered connections in the electronics field.
3) SAC305 alloy has been used for semiconductor-device joints in such electronic equipment. However, there are several problems that remain to be solved. 4) The most serious problem is the layer formation of intermetallic compounds such as Cu 6 Sn 5 . This formation causes lift-off, which is the phenomenon where a solder peels off from a Cu substrate. The lift-off is considered to cause deterioration of the impact properties.
2) According to experimental reports, Cu and Sn make Cu 6 Sn 5 compounds that form a wide layer at the interface between the solder and the Cu substrate. 5) Consequently, the research on the formation mechanism of intermetallic compounds is very useful in designing the materials and the process for achieving high mechanical properties of lead-free solder alloys.
Recent progress in the calculation of phase diagram (CALPHAD) and the development of a thermodynamic database for solder is remarkable. 6) Also, multi-phase field method (MPFM) has been widely applied in simulations of real alloys. [7] [8] [9] This MPFM coupled with the CALPHAD database makes it possible to simulate microstructural evolution under the implementation conditions of lead-free alloy. This method is considered to be a basis for the design of a process to obtain solder-joint microstructures of appropriate strength and high toughness.
Recently Park et al. 10) reported a study for calculating nucleation and growth of intertmetallic compounds such as Cu 6 Sn 5 and Cu 3 Sn at the interface of the substrate, by using MPFM combined with the thermodynamic database. Experimental results indicate that the growth of the Cu 6 Sn 5 layer is observed at the interface between the solder and the Cu substrate. 11, 16) The growth of the intermetallic phase continues even after the time when grains of the Cu 6 Sn 5 connected to each other are stratified at the interface of the solder and the substrate. This means that diffusion of Cu from the substrate into the solder occurs along the intermetallic grain boundaries. The model which is proposed by Park et al. is considered the effect of the grain boundary of Cu 6 Sn 5 and Cu 3 Sn and the diffusion along the grain boundary of the above compounds. However a comparison between the simulation and the experimental results was not conducted in their study because nucleation of these compounds was not considered in the simulation. Therefore, the purpose of the present study is to carry out a simulation of microstructural evolutions in a SAC305 alloy including a Cu substrate, by using MPFM which takes into account the effect of grain boundary diffusion. In addition, this study aims to determine the driving force of inter metallic compounds which causes proper precipitation sites. Furthermore, the computed microstructure is compared with that observed by experiments in this study.
Experimental-microstructural
Evolutions and Phase Diagram Figure 1 shows a sectional micrograph of SAC305 solder alloy sandwiched by the Cu substrate which is heated at 250°C for 60 s and quenched.
11) Figure 1 indicates the formation of Cu 6 Sn 5 intermetallic compound layers at the interface between the substrate and the melt of the solder alloy. On the other hand, Fig. 2 shows the temperature dependence of the mole fraction of equilibrium phase computed by the Thermo-Calc software by using the NIST solder alloy database. 12, 13) The computed result indicates that the stable phase at 250°C is liquid and there exists no equilibrium Cu 6 Sn 5 compound.
A phase-diagram of Sn-3Ag-Cu is shown in Fig. 3 . This diagram shows that the single liquid phase is a stable phase in the Cu content, 0.5 wt% at the 250°C. However a liquidCu 6 Sn 5 dual phase will be stable in Cu content higher than 1.5 wt%. Then it seems for Cu to melt from the substrate and diffuse from the substrate into the solder during holding time at 250°C. Therefore, it is considered that the supersaturation of Cu against SAC305 promote the precipitation of the Cu 6 Sn 5 intermetallic compounds.
Consequently, for the purpose of predicting microstructural evolution in a lead free solder alloy system including a Cu substrate, the calculation method which is applicable to the non-equilibrium simulations should be applied. In this study, MICRESS code has been utilized as the MPFM.
14)
The thermodynamic database that has been used is based on the NIST solder database. This database was modified in terms of solubility in the phases of the intermetallic compound in this study. In order to carry out a numerical calculation of the driving force DG for the precipitation of the compounds from the liquid phase, this procedure was utilized. For the calculation of the growth of intermetallic compounds, the free energy was calculated for a stoichiometric composition where a maximum of 20 wt% Sn composition variation was considered. The melting point of the compound was approximated to be constant.
Multi-phase Field Method and Multi-component Diffusion Equation
The multi-phase field method was proposed by Steinbach 14) for the purpose of predicting microstrucrural evolution of a multi phase and polycrystalline system. Then, MPFM coupled with CALPHAD thermodynamic database which was proposed by Eiken et al., 15) was applied to the calculation of the driving force of phase transformation in a multicomponent system. The final equation of MPFM is described by the temporal evolution of the parameter variable that is defined for the phase order as follows, ....... (1) where a and b are the phase numbers in the system, n is the number of phases, f a is the phase field of the phase a, s ab is the interface energy, d is the thickness of the interface and M is the interface mobility. The first term in Eq.
(1) expresses the curvature effect on the migration or "Gibbs-Thomson effect". The third term describes the interfacial migration where the driving force of interface migration, DG, is calculated with the CALPHAD database.
Multi-component diffusion is represented by the following equation, condition at the phase boundary region. 15) The regular finite difference method is applied to the two-dimensional region of the solder system.
Calculation Condition
The schematic illustration of simulation geometry including the Cu substrate is shown in Fig. 4 . The grid size, Dxϭ0.05 mm, was applied for whole calculation cases in this study. Thus, the calculations were performed by considering a grid size of 600ϫ800. The calculated domain was composed of a liquid phase of the solder and a solid phase of the Cu-substrate. The initial composition of the liquid solder was set to be Sn-3.0Ag-0.5Cu. It was assumed that Cu 6 Sn 5 , Cu 3 Sn, and Ag 3 Sn grains could precipitate at the position given by Table 1 . These compound nucleations were generated randomly in space and time. Physical properties such as interface energy, interface mobility and diffusivity of the stable phases are shown in Table 2 . In order to consider the grain boundary diffusion, fast diffusive region and diffusivity of phase boundary are given at the interface of the phases. Diffusivities of phases boundaries are shown in Table 2 . The temperature was maintained at 250°C for 60 s. After completion of the solidification it was maintained at 150°C.
Results and Discussion
The computed temporal evolution of the phase distribution is shown in Fig. 5 . Movement of the interface between the solder and the substrate continues up to 30 s but precipitation of intermetllic compounds has not appeared, whereas Cu 6 Sn 5 precipitation starts at approximately 32 s. The temporal evolution of the two-dimensional concentration distribution of Cu is shown in Fig. 6 . This shows that the boundary layer thickness of the Cu concentration grows with time. This means that melting and diffusion of Cu occur from the substrate into the solder and Cu concentration increases in the solder with time. Thus, it is indicated that supersaturation of Cu against the composition of SAC305 progresses in the solder. At 30 s, the Cu concentration becomes about 3 wt% uniformly in the solder because the boundary layer thickness achieves to the highest of the solder. In this way, the melting and diffusion of Cu into the solder continue up to 30 s and the increase of Cu content in the solder promotes the precipitation of the Cu 6 Sn 5 phase. The growth of the Cu 6 Sn 5 continues up to 60 s even after the time it is stratified at the interface. Thus it is considered that Cu diffuses along the interface of the Cu 6 Sn 5 phases because the grain boundary diffusion is taken into account in this calculation. Then, with quenching from 250 to 150°C, the precipitation of the BCT phase starts at 60 s and solidification is complete at 63 s. After solidification, precipitation of Ag 3 Sn in the solder and Cu 3 Sn at the interface of Cu and Cu 6 Sn 5 is observed at 150°C and continues for several seconds in the simulation.
The simulated microstructure of the SAC305 solder heated at 250°C for 60 s is shown in Fig. 7(a) . The observed one is shown in Fig. 7(b) . 22) The form of Cu 6 Sn 5 in Fig. 7(a) is in fairly good agreement with that of Fig. 7(b) . The estimated size of the dendrite in Fig. 7(a) is approximately the same as in Fig. 7(b) . Figure 8 shows the simulated and the observed temporal evolution of the microstructure in SAC305 at 150°C.
21) The simulation result indicates precipitation of the Ag 3 Sn intermetallic compounds in the solder. This is attributed to fact that during solidification, the supersaturation of Ag increases in the BCT phase. And then precipitation of the Ag 3 Sn compounds starts in the solder during isothermal holding at 150°C. Cu 3 Sn compounds are obtained at the interface between the Cu 6 Sn 5 and the substrate in the simulation as well as in the experiment. It is considered that grain boundary diffusion of Cu from the substrate into the solid © 2010 ISIJ solder continues after the completion of the solidification. However, the amount of Cu 3 Sn is very small at the time of 75 s in Fig. 8(a) compared with the observed one in Fig.  8(b) . Temporal evolutions in the mole concentration of the compounds at 150°C is shown in Fig. 9 . This indicates that the growth rate of the Cu 3 Sn phase is remarkably higher than the growth rates of other phases. This means that the layer thickness increases with time, as shown in the observed micrograph.
Furthermore the simulation result indicates that the morphology of the interface between Cu 6 Sn 5 and the solder maintains a dendrite shape at the time of 75 s. On the other hand the experimentally observed interface shape between Cu 6 Sn 5 and the solder seems to smoothen, as shown in Fig. 8(b) . This is due to the diffusion promoted by the Gibbs-Thomson effect which is caused by the decrease of the excess free energy at the interface between CuSn 5 and the solder with a long holding time of 700 h.
Summary
We investigated the temporal and spatial evolution of a lead-free solder alloy by using a multi-phase phase field method coupled with the CALPHAD database. The simulated morphology was in good agreement with the experi-© 2010 ISIJ mental result. As a result, this numerical method was found to be applicable to the prediction of microstructural evolutions of a lead-free solder alloy including a Cu substrate under implementation.
